To analyze the effects of subcutaneous or intravenous rituximab + lymphokine-activated killer cells, obinutuzumab or ibrutinib on natural killer (NK) cell levels in chronic lymphocytic leukemia and follicular lymphoma patients. Patients & methods: The distribution of peripheral blood NK cells of 31 patients was analyzed by flow cytometry. Results: We detected a decrease of NK cells in peripheral blood below normal range after obinutuzumab treatment. During maintenance treatment with subcutaneous rituximab, an NK cell reduction was less pronounced than after intravenous rituximab treatment, despite lymphokineactivated killer cell infusions. Conclusion: After one dose of obinutuzumab, each NK cell in peripheral blood destroys 25 leukemic cells.
Obinutuzumab (GA101) is a glycoengineered, type II anti-CD20 molecule with less complement-dependent cytotoxicity (CDC) than type I anti-CD20 rituximab though greater ADCC [2] .
Interestingly, although GA101 seems to be superior to rituximab in inducing direct cell death and ADCC both in vitro [3] and in some clinical trials [4, 5] , in the early randomized Phase II GAUSS study, single-agent comparison between obinutuzumab and rituximab in patients with relapsed indolent lymphoma did not generate encouraging results [6] . This trial is very interesting because it compares type 1 and 2 monoclonal antibodies anti-CD20 without any combining drug; however, the real effect of immunotherapy alone, in combination with a robust immune system, remains concealed in chronic lymphocytic leukemia (CLL). Others, us included, have demonstrated that GA101 monotherapy induces NK cell depletion in the peripheral blood of patients with CLL [7, 8] . Previously, we demonstrated that the percentage of NK cells in lymphokine-activated killer (LAK) cells from patients with follicular lymphoma (FL) correlated with ADCC against CD20 + lymphoma B cell lines in vitro [9] . CD56 is restricted to NK cells and a subpopulation of T cells. In LAK cells, 65% of the expanded cells express CD56 and we found that the percentage of NK cells (CD56 + ) among LAK cells was correlated with rituximab and GA101-induced ADCC [9] . In vitro, GA101 plus LAK cells (enriched with NK cells) induced stronger ADCC than rituximab plus LAK cells [9] . We hypothesize that levels of NK cells in peripheral blood from patients with CLL treated with GA101 correlate with leukemic tumor destruction induced by an NK-ADCC effect.
To evaluate these effects, we analyzed the distribution of CD56 + NK cells and CD19 + leukemic B cells in the peripheral blood of 12 patients with CLL who were treated with GA101 monotherapy. We also explored ten patients with FL who had received subcutaneous rituximab or intravenous rituximab plus LAK cells, and evaluated the kinetics of NK cells in this population. In a similar way, we also analyzed nine patients with CLL treated with the B-cell receptor inhibitor ibrutinib.
CLL & FL patients
Obinutuzumab (GA101) Twelve patients (six previously untreated and six refractory/relapsed) diagnosed with CLL or small lymphocytic lymphoma and treated with GA101 were studied. GA101 monotherapy was administered intravenously in all patients in cycle 1 on day 1 (100 mg) and day 2 (900 mg) following the manufacturer's recommendations.
The distribution of peripheral blood lymphocytes was examined before the first dose of GA101 and 24 or 72 h after the first complete 1000 mg dose (cycle 1, day 2).
Subcutaneous rituximab & intravenous rituximab plus LAK cells
FL patients included in the analysis were treated with the same procedure indicated in clinical trials MABRELLA [10] and LFNK [11] . LAK cells were generated as described previously [9] .
In brief, five patients with FL received at least one full dose of intravenous rituximab during R-CHOP (rituximabcyclophosphamide-doxorubicin-vincristine-prednisone) and maintenance therapy (1400 mg of subcutaneous rituximab once every 2 months for 12 cycles, accordingly with the MABRELLA trial [10] ). The other five patients who received R-CHOP and 24 months of bimonthly doses of 375 mg/m 2 of intravenous rituximab maintenance therapy also received >5 × 10 8 LAK cells in the pair cycles, accordingly with the LFNK trial [11] . We determined NK cell counts in peripheral blood by flow cytometry using anti-CD56 monoclonal antibodies.
Ibrutinib
To describe the redistribution of NK cells during a noncytotoxic CLL treatment, we also studied nine patients diagnosed with CLL and treated with ibrutinib (480 mg daily). The distribution of NK cells in these patients was examined prior to treatment (baseline) and after 30 days of continuous treatment. [12] ; p < 0.05 was considered statistically significant. The analysis was performed according to specific research ethics protocols and after approval of the local institutional review board. All patients gave their consent to use anonymized data.
Results

CLL treated with GA101 ('Thermopylae battle effect')
GA101 is approved for the treatment of patients with CLL and FL, and activates NK cells through CD16; notably CD16 does not require co-activating signals to trigger an NK cell response.
All patients in the study received at least one complete dose of 1000 mg of GA101; eight patients completed their treatment (six cycles of GA101) and immunological characteristics were published previously [8] . At the time of submission, 11 of the 12 patients are alive. Clinical and immunological characteristics of the patients are summarized in Tables 1 and 2 .
Immunological analysis
After the first complete 1000 mg GA101 dose (24-72 h after cycle 1, day 2), NK cells significantly decreased in peripheral blood compared with base line counts prior to therapy (402 cells/μl baseline vs 24 cells/μl postinfusion, p ≤ 0.0001; Figure 1 ). This reduction was observed independently of NK cell levels before therapy (p ≤ 0.05).
No statistically significant differences in the B-cell compartment were detected between base line counts and after 24-72 h (46,437 cells/μl baseline vs 22,449 cells/μl 24-72 h postinfusion; p = 0.222). However, a significant decrease in the B-cell count was detected when paired samples were analyzed (45,152 cells/μl baseline vs 22,736 cells/μl; p ≤ 0.0164), suggesting that the reduction of CLL B cells depends not only on the anti-CD20 monoclonal antibody GA101 ( Figure 2 ). This reduction was specific and independent of the decrease in white blood cell counts; essentially, some of the study patients had normal baseline levels of leukocytes and low leukemic burden in peripheral blood (Table 1 , patients 2, 5, 6 and 12), 
Statistical analysis
To confirm that the CLL B-cell reduction in peripheral blood is brought about by NK cells, and not only mediated by the monoclonal antibody, we used linear regression. The multiple linear regression model, which analyzes the relationship between the baseline NK number and leukemic CLL B-cell destruction, shows that, on average, 25 leukemic cells are destroyed by each NK cell (p = 0.0377). The regression equation is as follows: number of cells destroyed = 3670.4 + 24.8 * NK + 0.187 * baseline tumor, with an R2 of 0.67. The Wilcoxon signed rank test (paired samples) was used to compare the baseline values and 24 or 72 h in the same patients.
There is a statistical association between the number of NK cells and the destruction of the leukemic CLL B cells (p = 0.0377), once adjusted for the baseline size of the tumor. On average, 25 tumor cells are destroyed per NK.
Rho Spearman's (correlation) test confirmed the association between the two variables (baseline NK cell count and tumor destruction in peripheral blood) to be statistically significant (r s = 0.63222; p[2-tailed] = 0.049).
Subcutaneous rituximab or intravenous rituximab plus LAKs cells in FL patients & their effects on blood NK cells
Rituximab exerts its antilymphoma or leukemia activity by binding to CD20 on the surface of B cells, including the malignant clones. It reaches its target via the blood circulation. Rituximab serum trough concentration reflects the degree of target site saturation on B cells; ensuring that serum concentrations are at least as high after subcutaneous administration can therefore be expected to result in at least the same degree of target site saturation -and hence at least the same efficacy [13] . Both the subcutaneous and intravenous formulations deliver identical rituximab, and the similar overall responses, complete responses and safety profiles suggest that subcutaneous administration of rituximab does not compromise the antilymphoma activity of rituximab when given with chemotherapy or in the maintenance treatment [13] [14] [15] . Rituximab can induce stronger CDC and ADCC. In contrast to type I, type II anti-CD20 obinutuzumab induces stronger ADCC through NK cells but not CDC. Unfortunately, it is very difficult to demonstrate the individual contribution of ADCC or CDC during rituximab treatment on patients with lymphoma or leukemia.
In an attempt to clarify the possible confusing influence of CDC from rituximab and the distribution of NK cells during anti-CD20 treatment, we retrospectively analyzed ten patients with FL treated with subcutaneous rituximab (n = 5) and intravenous rituximab (n = 5) plus LAK cells (enriched with CD56 + NK and T cells) who received R-CHOP as induction and then received maintenance therapy with rituximab. We selected patients without blood infiltration in order to avoid the confusing factor of target cells (leukemic B cells) and because subcutaneous rituximab travels first to the lymphatic system (tissue of secondary lymphoid organs) and IV rituximab plus LAK cells (enriched in NK cells) represent the primed effectors (NK plus anti-CD20) in blood that migrate to other sites to exert their effect. Analysis after R-CHOP and during rituximab maintenance ensures that low or inexistent CD19 B cells (target) masquerade the results. (Tables 3a and b) .
Results & analysis
CLL treated with ibrutinib ('sleeping beauty effect') Ibrutinib covalently inhibits Bruton tyrosine kinase and targets B-cell receptor signaling, while modifying CLL microenvironment. Unfortunately, ibrutinib induces a 'sleeping beauty effect' [16] , characterized first by transient lymphocytosis with unmaintained remission after discontinuation of therapy in CLL patients [17] and second by the inhibition of antilymphoma T cells and NK function [18] . Similar to the witch's spell in sleeping beauty, treatment with ibrutinib makes the CLL cells 'fall asleep', which then leave the lymph nodes to float asleep through Bold details are only to differentiate patients that receive intravenous rituximab from the patients with subcutaneous rituximab. Effector cells (NK cells) are slightly below normal reference values (87 NK cells/ml), improved however, during maintenance with rituximab effector cells (NK cells). Rituximab maintenance therapy causes the encounter of effector cells (NK cells) with monoclonal antibody, but without target cells (leukemia or lymphoma blood cells), in blood compartment. This may be a model of the distribution of NK cells in the presence of anti-CD20 antibodies without target cells and may help to explain the phenomenon in which some patients with deep responses to obinutuzumab recover NK cell counts when nontumoral cells in blood or secondary lymphoid organs may be located. NK: Natural killer; R-CHOP: Rituximab-cyclophosphamide-doxorubicin-vincristine-prednisone; Xmax: Maximal value; Xme: Median X value; Xmin: Minimun value.
peripheral blood (lymphocytosis) and also to the immune system by decreasing ADCC induced by rituximab and obinutuzumab (Figure 3) .
Patients treated with ibrutinib showed an increment of the NK cell count after 30 days of treatment in comparison with basal pretreatment NK cell count (baseline 311 NK cells/μl vs 410 NK cells/μl after treatment; p = 0.317). These findings suggest that the 'sleeping beauty effect' also affects peripheral blood NK cells in patients with CLL (Table 4 ).
Discussion
Human NK cells can be divided into two subsets based on the expression of CD16 and the adhesion molecule CD56. CD56 dim NK cells represent >90% of the peripheral blood NK cells, are CD16 + KIR + , and display greater cytotoxicity [19] . This clue is important to understand that anti-CD20 monoclonal antibodies administered intravenously find both effector cells (NK cells) and target cells (leukemia or lymphoma cells). When administered intravenously, rituximab and GA101 primed NK cells to kill via ADCC through CD16 receptor (GA101 primed NK cells more efficiently than rituximab), in other words, prepare the effector arm. These anti-CD20-armed NK cells may destroy target cells in situ (blood) or migrate through blood and lymph to secondary lymphoid organs. We describe an immediate diminution of blood NK cell counts after the first dose of GA101, suggesting that both the mechanism of destruction of leukemia cells in the blood (in situ) and the migration of NK cells from the blood to other lymphoid tissues may play a role in this decrease of NK counts in the blood. This reduction persists during the whole treatment with GA101 [8] . Interestingly, the two patients with NK cell count below 100 cells/μl were unable to destroy a small quantity of CLL cells, for this reason we suggest that monoclonal antibody GA101 alone with very low NK cell count is not as effective. If GA101 without NK cells had activity, this anti-CD20 monoclonal antibody should destroy that reduced blood tumor burden. In contrast, CD56 bright NK cells show greater proliferative potential, greater cytokine production and are the principal NK-cell population in secondary lymphoid organs [19] . NK-cell progenitors in the lymph node that are CD56 bright develop through a series of intermediaries into CD56 dim cells [19] . It is not clear whether the CD56 dim cells in the blood represent an even more immature cell stage or a separate population [19] . This implies that if GA101 coats the target CLL leukemic cells, these coated B cells could be destroyed in blood by NK cells (CD56 dim ) or in bone marrow and secondary lymphoid organs where low cytotoxic NK-cell populations (CD56 bright ) reside as a mechanism of immunosurveillance. Table 3b . Unexpectedly, SC rituximab did not induce diminution of natural killer cell levels in sharp difference to intravenous rituximab, even when infusions of lymphokine-activated killer cells (enriched with 'classical warriors' such as CD56 + natural killer and ␥␦ T cells' in these patients. Table 4 . As expected, patients with immediate ibrutinib effects showed no significant changes in the natural killer cell counts after 30 days of treatment (p = 0.317) in concordance with their 'sleeping beauty effect' in both leukemic cells (data not shown) and natural killer cells (inhibit their action). This may be a model in which distribution of NK cells is not altered because they are 'sleeping' and their immunosurveillance is too compromised to recognize leukemic cells. Interestingly, type 2 anti-CD20 antibodies but not type 1 anti-CD20 antibodies may put NK cells to sleep to 'restore' their immunosurveillance work. IGHV: Immunoglobulin heavy chain gene; ND: Not done; NK: Natural killer. Along the same lines, recently published findings indicate that tissue (presumably low cytotoxic CD56 bright NK cells) or blood NK-cell count (presumably a highly cytotoxic CD56 dim NK-cell population) correlates with outcome in patients with FL and diffuse large B-cell lymphoma treated with R-CHOP or GA101-CHOP [20] . Nevertheless, despite the small number of patients, our findings represent the collision (in vivo) in the blood of the effectors (NK cells) and targets (leukemic CLL cells) during GA101 administration in patients with CLL. In addition, this clash in the blood of NK cells and leukemic CLL cells is not influenced by CDC from rituximab.
Unexpectedly, subcutaneous administration of anti-CD20 preserved NK cells in blood in contrast to the intravenous route, despite LAK cell infusions in the absence of target blood cells such as neoplastic or normal B cells. In contrast, intravenous administration of anti-CD20 antibodies can prime high cytotoxic blood NK cells to both kill blood targets or to migrate to secondary lymphoid organs but it is unknown if intravenous administration may also induce differentiation of blood NK cells (CD56 dim CD16 + ) to tissue NK cells (CD56 bright ). GA101 immunotherapy might behave in a similar manner as rituximab during maintenance therapy. Attractively, in a comparable form, intravenous administration of glycoengineered type II anti-CD20 with greater ADCC (without CDC) such as GA101 may also prime NK cells to kill blood targets in concordance with our findings, in which very low levels of NK cells (24 NK cells/μl ) were detected after the first 1000-mg dose of treatment. In sharp difference with maintenance with rituximab in FL, in the case of CLL patients, several interactions between effectors (NK cells plus GA101) and targets (leukemic CLL B cells) occur. Importantly, anti-CD20 antibodies activate NK cells through CD16, and CD16 does not require co-activating signals to trigger NK-cell responses [21, 22] . GA101 plus chlorambucil (Clb) demonstrated a greater effect on progression-free and overall survivals in contrast with rituximab plus Clb in patients with CLL. Undetectable minimal residual disease in peripheral blood at the end of treatment was significantly more common in patients receiving GA101-Clb than in those receiving R-Clb (35.8 vs 3.3%, respectively) [23] . Intriguingly, ibrutinib plus GA101 is an efficacious and safe chemotherapy-free combination treatment in previously untreated patients with CLL [24] ; however, it is not clear whether this effective but expensive combination (GA101-ibrutinib) is superior to other classical strategies such as sequential treatment GA101 (± Clb) and rescue with ibrutinib monotherapy as second-line treatment (also a potentially chemotherapy-free strategy if Clb is avoided). It is unknown if ibrutinib's 'sleeping beauty effect' and inhibition of NK cells function may impair the efficacy of NK-ADCC induced by GA101 in this combination [18] . Minimal residual disease status is a known predictor of progression-free survival. Therefore, several novel combinations with anti-CD20 monoclonal antibodies intend to demonstrate deep remission rates with undetectable minimal residual disease.
Venetoclax, a BH3-mimetic drug with antineoplastic activity via 'simulating' a cellular antiapoptotic pathway ('snow white effect') [16] , is a potent, oral BCL-2 inhibitor that has demonstrated significant activity as monotherapy and in combination with rituximab and GA101. BCL-2 is an antiapoptotic molecule that functions as a shield against proteins that favor cell death. Similar to an apple that seems healthy but is poisoned, BH3 mimics the 'poisonous' BCL-2 by blocking its protective function by directly binding to its BH3 domain, favoring the death of tumor cells that depend on the increased production of BCL-2 ( Figure 4) . Remarkably, the combination of rituximab or GA101 with venetocax was associated with longer progression-free survival and undetectable minimal residual disease [25, 26] . Intriguingly, both ibrutinib and venetoclax induce a significant increase in the frequency of γδ T cells [27] , which are cytotoxic cells that share several NK-cell features such as CD16 expression and ADCC. In a very recent report, Hoeres et al. demonstrated that both T and NK cells contribute to GA101-induced ADCC in an elegant and interestingly basic study [28] .
Numerous next-generation antibodies have been tested in the treatment of patients with lymphoma but were abandoned because they were neither more active than rituximab nor effective in the setting of rituximab resistance. Although patients with FL and CLL now have another active monoclonal antibody with GA101, prolonging patient survival with more effective and less toxic therapies remains challenging. Even with exciting new immune cell therapy such as engineered T cells expressing chimeric antigen receptors (CARs or 'Frankenstein-cell therapy') [29, 30] , their toxicity and complexity of management and manufacturing make this therapy limited and currently only available in selected centers. For this reason, our finding is interesting because patient-derived expanded NK cells armed with an antibody may be a reasonable therapeutic strategy, being less toxic and less expensive than the actual CAR T cells ( Figures 5 & 6 ). NK cell [31] or γδ T cell [28] ('classical warriors') plus Trike [32] or antibody-based immunotherapies represent an alterative approach to CAR-T cells therapies ('Frankenstein cell therapy') [29, 30] . Our findings suggest that different treatment strategies with anti-CD20 monoclonal antibodies alone induce a different behavior in peripheral blood NK cells in humans. Venetoclax is an effective treatment option, even in high-risk patients with chronic lymphocytic leukemia. BH3-only proapoptotic proteins favor the activation of the BAX protein, which creates pores in the mitochondria so that the cytochrome C protein is secreted, and apoptosis is triggered. BCL-2 protein inhibits both proapoptotic proteins BH3-only and BAX, preventing apoptosis. Venetoclax (poisoned apple) simulates an increase in proaptotic proteins causing BCL-2 to bind to venetoclax, leaving free proaptotic proteins that induce membrane permeability and cytochrome C output. (B) 'The Snow White effect'. The drawing represents the poisoned apple of venetoclax, which binds to BCL inhibiting its protective function, promoting the apoptosis of tumor cells. BCL-2: B cell lymphoma 2.
Importantly, one NK cell from a patient may be capable of destroying 25 leukemic cells, even in relapsed patients. Unfortunately, our findings suggest that the human body retains only limited numbers of NK cells, and the capability to refill the blood with new NK cells to attack tumor cells is insufficient to maintain full GA101 activity. We suggest that NK-cell levels may be a predicting factor for the response to obinutuzumab, similar to NK-cell levels in FL [33] .
We confirm that during GA101 treatment, the 'NK reserve' induces the initial destruction of leukemic cells. We suggest that administration of 'NK reinforcements' may be of benefit to patients and should be explored in clinical trials [11, 31] . Recently, important and elegant studies about anti-CD20-induced phagocytosis have been published [34, 35] . Although other effects of GA101 on Fc-mediated functions elicited by monocytes may be of interest, they may be lower than GA101-induced NK-ADCC [34, 35] .
Reflexion about obinutuzumab treatment: the Battle of Thermopylae In August of 450 BC, the Persian King Xerxes led a huge army (CLL cells) by land from the Dardanelles, accompanied by a fleet considered to be advancing along the coast. His forces soon reached northern Greece. The alliance of polis, led by Athens and Sparta, tried to stop the advance of the Persians by land, in the narrow pass of Thermopylae, and by sea, in the nearby straits of Artemisio [1] . At the head of the Greek army was the king of Sparta, Leonidas who had about 7000 men (NK and γδ T cells) [36] , compared with about 70,000 of the enemy army (CLL cells). The armored infantry of Greece formed a line (NK cells armed with GA101) [22] of few tens of meters of length between a steep hill and the sea. The small battlefield prevented the numerous Persian army (CLL cells) from attacking at once. The Greeks resisted for 2 days with few losses (NK-ADCC induced by first dose of GA101) [7, 8] , while the Persians suffered many losses (destruction of CLL leukemic burden after first dose of GA101) [22, 23] . Xerxes finally discovered a path through which his troops could cross the enemy lines (NK cells-ADCC depletion) [7, 8] , and on the third day, attacked by that route and swept the flanks of the Greek army (CLL persistence and immune suppression induced in T cells by immunological synapse inhibition or direct destruction) [37] [38] [39] [40] .
It is said that Leonidas and his troops of about 300 men (NK cells) refused to withdraw because it went against the law and the customs of Sparta, and undertook a last suicide attack that ended their lives (NK cells depletion). is joined with a piece of T cell (CD3ζ) and with other pieces of antigen-presenting cells (CD28 or 4-1BB). This promising new cell has the ability to destroy tumors as a rescue therapy when tumor cells are refractory to several effective treatments, but has important toxicity. scFV: Single chain variable fragment.
Conclusion
In summary, despite the low number of patients of this study, our results suggest that the combination of GA101 with NK cells (or NK cells armed ex vivo) may help to optimize the GA101-NK ADCC effect and potentially increase the clinical outcome and negative minimal residual disease. GA101 in monotherapy induces depletion of NK cells in peripheral blood of patients with CLL. NK cells are responsible for most of the tumor burden destruction during initial therapy and their depletion impairs the potential effectiveness of GA101. The combination of GA101 with NK cells may help optimize the potential of this novel anti-CD20 monoclonal antibody. Our observations should be confirmed in large cohorts of patients or clinical trials.
Future perspective
Although the standard treatment of CLL and FL is currently chemoimmunotherapy, the next years will likely see a shift to chemo-free strategies. New combinations with synergistic mechanisms of action such as monoclonal antibodies plus 'poisoned apples' such as BCL-2 inhibitors induce high rates of undetected minimal residual disease, facilitating the work of classical NK and γδ T-cell 'warriors' to kill 'poisoned enemies' without their survival shields such as BCL-2. Other combinations, such as ibrutinib with their 'sleeping beauty effect' [16] , may also be effective in combination or in sequential strategies. Although they also induce a lethargic state in the immune system (NK-cell inhibition), monoclonal antibodies such as obinutuzumab may awaken and re-direct the lethargic troops (NK and γδ T cells) to kill sleeping enemies and force them to leave their trenches (lymphocytosis by chemokine-mediated adhesion inhibition). In addition, the 'sleeping beauty effect' of B-cell receptor inhibitors is an attractive option when the immune system has been weakened by previous treatments. Last, like the giant creature with super strength, versatility and adaptability created by Victor Frankenstein [30] , CAR-T cell therapy has been developed in a similarly expensive and slow creation process but with the power and possibilities to destroy several resistant tumors. However, this powerful strategy may be challenged by a cheap but versatile and faster therapy involving the generation and ex vivo expansion of classical autologous NK or γδ T cell 'warriors' re-directed by glycoengineered type II monoclonal antibodies or TriKE against potentially the same tumor antigens of CAR-T cells. In this latest strategy, the monoclonal antibodies or TriKE assumes the function of a general who guides his brave warriors (expansions of LAKs, NK cells or γδ T cells) into battle.
Summary points
• Each natural killer (NK) cell of patients with chronic lymphocytic leukemia (CLL) may kill 25 CLL cells.
• Baseline NK-cell count correlates with antileukemic effect.
• One dose of obinutuzumab is able to induce significant reduction of NK cells in peripheral blood.
• In patients with follicular lymphoma, faster recovery of NK cells in peripheral blood was observed during subcutaneous maintenance with rituximab than with intravenous administration after R-CHOP (rituximab-cyclophosphamide-doxorubicin-vincristine-prednisone). • Patients treated with ibrutinib showed an increment of the NK-cell count after 30 days of treatment in comparison with basal pretreatment levels, but this increment was not statistically significant. 
